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One-dimensional  (ID)  nanosize  electrode  materials  of  lithium  iron  phosphate  (LiFeP04)  nanowires  and 
Co304-carbon  nanotube  composites  were  synthesized  by  the  hydrothermal  method.  The  as-prepared  ID 
nanostructures  were  structurally  characterized  by  X-ray  diffraction,  scanning  electron  microscopy,  and 
transmission  electron  microscopy.  We  tested  the  electrochemical  properties  of  LiFeP04  nanowires  as  cath¬ 
ode  and  Co304-carbon  nanotubes  as  anode  in  lithium-ion  cells,  via  cyclic  voltammetry  and  galvanostatic 
charge/discharge  cycling.  LiFeP04  nanorod  cathode  demonstrated  a  stable  performance  over  70  cycles, 
with  a  remained  specific  capacity  of  140  mAh g-1.  Nanocrystalline  Co304-carbon  nanotube  composite 
anode  exhibited  a  reversible  lithium  storage  capacity  of  510  mAh  g"1  over  50  cycles.  ID  nanostructured 
electrode  materials  showed  strong  potential  for  lithium-ion  batteries  due  to  their  good  electrochemical 
performance. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium-ion  batteries  are  the  state-of-the-art  and  dominant 
power  sources  for  portable  electronic  devices.  They  are  also  the 
most  promising  candidate  for  electric  vehicles,  hybrid  electric  vehi¬ 
cles  and  energy  storage  of  wind/solar  power.  Electrode  materials 
(cathode  and  anode)  play  a  pivotal  role  in  the  development  of 
new  generation  lithium-ion  batteries  with  high  energy  density.  In 
recent  years,  huge  efforts  have  been  made  to  develop  new  electrode 
materials  for  lithium-ion  batteries  with  improved  electrochemical 
properties  [1-5]. 

One-dimensional  nanostructures,  including  nanowires, 
nanorods,  nanotubes  and  nanoribbons,  have  been  extensively 
investigated  for  applications  in  the  areas  of  nanoscale  electronic 
and  photonic  devices,  chemical  and  biological  sensors,  and  energy 
storage  and  conversion  [6-10].  V205  nanotubes  and  nanowires 
of  LiCo02  and  Li(Ni1/2Mn1/2)02  have  been  prepared  and  have 
exhibited  interesting  electrochemical  performance  [11-13].  Cobalt 
oxide  (C03O4)  nanowires  and  gold-cobalt  oxide  hybrid  nanowires 
were  synthesized  by  using  a  virus-enabled  synthesis  process. 
Those  cobalt  oxide  nanowires  demonstrated  a  stable  capacity  of 
800-1200  mAh  g_1  [14].  Porous  Co304  nanotubes  were  prepared 
using  carbon  nanotubes  (CNTs)  as  templates,  and  these  demon¬ 
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strated  a  high  capacity  of  1200  mAh  g-1  and  good  cycle  life  [15].  Tin 
oxide  (Sn02)  nanowires  were  prepared  through  a  self-catalysis- 
grown  process  via  thermal  evaporation.  Sn02  nanowires  showed 
better  electrochemical  performance  than  that  of  microcrystalline 
Sn02  powders  due  to  the  increased  charge-transfer  properties 
along  the  radial  direction  of  the  nanowire  [16].  Nanocrystalline 
SnSb-carbon  nanotube  composite  anode  materials  were  syn¬ 
thesized  by  means  of  reductive  precipitation.  The  SnSb-CNTs 
nanocomposite  delivered  an  enhanced  reversible  capacity  and 
stable  cyclic  retention  [17]. 

In  this  paper,  we  report  the  hydrothermal  synthesis  of 
lithium  iron  phosphate  nanowires  as  a  cathode  material  and 
nanocrystalline  Co304-carbon  nanotubes  as  an  anode  material  for 
lithium-ion  batteries.  The  electrochemical  properties  of  the  as- 
prepared  ID  nanostructured  materials  were  systematically  tested. 
The  improved  electrochemical  performance  of  these  1 D  nanostruc¬ 
tures  as  electrode  materials  in  lithium-ion  cells  could  be  ascribed 
to  the  facile  lithium  diffusion  and  high  electrochemical  reactivity. 

2.  Experimental 

All  reagents  were  analytical  grade  and  purchased  from 
Sigma-Aldrich.  In  a  typical  synthesis  process  for  preparing  LiFeP04 
nanowires,  1.5  mmol  ferrous  sulfate  (FeS04-7H20),  1.5  mmol 
ammonium  dihydrogen  phosphate  (NH4  H2P04)  and  3  mmol 
lithium  hydroxide  (LiOH)  were  dissolved  in  8  ml  de-ionized  water. 
After  stirring,  0.3  g  nitrilotriacetic  acid  (NTA)  surfactant  and  7  ml 
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Fig.  1.  SEM  image  of  LiFeP04  nanowires. 

isopropanol  were  added  and  the  pH  value  of  the  mixture  was 
adjusted  to  9  by  adding  concentrated  ammonia.  The  mixed  solution 
was  then  transferred  into  a  25-ml  stainless  steel  Teflon-lined  auto¬ 
clave.  The  autoclave  was  sealed,  kept  at  180-220  °C  for  20  h,  and 
then  naturally  cooled  to  room  temperature.  After  the  hydrothermal 
reaction,  the  solution  was  centrifuged  and  washed  with  distilled 
water  a  number  of  times.  The  product  was  dried  at  60  °C  in  a  vacuum 
oven  for  4h.  Nanocrystalline  C03O4-CNTS  composites  were  also 
synthesized  by  a  hydrothermal  process.  0.25  g  Co(CH3COO)2-4H20 
was  dissolved  in  10  ml  de-ionized  water.  15  mg  multiwalled  carbon 
nanotubes  were  dispersed  in  the  solution  by  ultrasonication.  The 
pH  value  was  adjusted  by  dropwise  addition  of  1.3  ml  concentrated 
ammonia  solution.  The  mixture  was  transferred  into  a  20-ml  auto¬ 
clave,  sealed,  and  maintained  at  150  °C  for  5  h.  The  resulting  black 
products  were  separated  by  centrifugation,  washed  with  distilled 
water,  and  dried  in  vacuum  at  60  °C  for  5  h. 

The  prepared  samples  were  characterized  by  X-ray  diffrac¬ 
tion  (XRD,  Cu  Ka  radiation,  Philips  1730),  scanning  electron 
microscopy  (SEM,  JEOL  JSM  6460A)  and  transmission  electron 
microscopy  (TEM,  JEOL  2011).  The  electrochemical  evaluation  of 
LiFeP04  nanowires  and  nanocrystalline  C03O4-CNTS  was  accom¬ 
plished  by  assembling  CR2032  coin  cells.  The  electrodes  were  made 
by  dispersing  82  wt%  active  materials,  8  wt%  polyvinylidene  fluo¬ 
ride  (PVDF)  binder  and  8  wt%  carbon  black  in  n-methyl  pyrolidone 
(NMP)  solvent  to  form  a  homogeneous  slurry.  The  slurries  were 
uniformly  pasted  on  Al  foil  (LiFeP04  nanowire  sample)  and  Cu  foil 
(C03O4-CNTS  sample).  These  prepared  electrode  sheets  were  dried 
at  120  °C  in  a  vacuum  oven  for  12  h  and  pressed  under  a  pressure  of 
approximately  200  kg  cm-2.  The  electrolyte  was  1  M  LiPF6  in  a  1 :1 
mixture  of  ethylene  carbonate  and  dimethyl  carbonate.  Li  metal  foil 
was  used  as  the  counter  and  reference  electrode.  The  cells  were  gal- 
vanostatically  charged  and  discharged  at  a  current  density  of  0.1  C. 
The  cyclic  voltammetry  (CV)  curves  were  measured  at  0.1  mV  s-1 . 

3.  Results  and  discussion 

Fig.  1  shows  an  SEM  image  of  the  as-prepared  LiFeP04 
nanowires.  The  nanowires  have  a  diameters  in  the  range  of  a  few 
hundred  nanometers  and  a  lengths  extending  a  few  tens  of  microm¬ 
eters.  We  noted  that  a  small  amount  of  LiFeP04  powders  was  also 
present.  However,  most  of  the  products  are  nanowires,  indicating 
that  our  hydrothermal  process  can  be  effectively  applied  to  syn¬ 
thesize  LiFeP04  nanowires.  The  phase  purity  of  the  as-synthesized 
LiFeP04  nanowires  was  analyzed  by  X-ray  diffraction.  Fig.  2  shows 


the  XRD  pattern  of  the  LiFeP04  nanowires.  All  diffraction  lines  are 
indexed  to  the  orthorhombic  crystal  structure  (space  group:  pnma, 
triphylite)  [18].  No  any  impurity  phase  was  detected  by  XRD.  The 
electrochemical  reactivity  of  LiFeP04  nanowires  was  evaluated  by 
cyclic  voltammetry.  Fig.  3  shows  a  typical  cyclic  voltammograms 
(CVs)  of  LiFeP04  nanowires  as  cathode  in  lithium-ion  cells.  The 
LiFeP04  nanowire  cathode  displays  a  reduction  peak  at  3.34  V  and 
an  oxidation  peak  at  3.52  V  vs.  the  Li/Li+  reference  electrode.  After 
50  scanning  cycle,  the  intensity  and  shape  of  the  redox  peaks 
for  LiFeP04  nanowire  cathode  do  not  decrease  or  change  very 
much,  indicating  good  reversibility  of  lithium  insertion  and  extrac¬ 
tion  in  the  nanowire  host.  The  specific  capacity  and  cyclability 
of  the  LiFeP04  cathode  were  further  tested  by  constant  current 
charge/discharge  cycling.  Fig.  4  shows  the  charge/discharge  volt¬ 
age  profiles  of  LiFeP04  nanowire  cathode.  The  cell  was  charged  and 
discharged  at  the  rate  of  0.1  C  in  the  voltage  range  of  2.75-4.20  V. 
LiFeP04  nanowire  cathode  exhibited  a  flat  charge  plateau  at  3.51  V 
and  a  flat  discharge  plateau  at  3.33  V,  which  match  the  redox  peaks 
in  the  CV  curve  very  well.  The  cyclability  of  LiFeP04  nanowire  cath¬ 
ode  is  shown  as  the  inset  in  Fig.  4.  The  initial  discharge  capacity 
for  LiFeP04  nanowire  cathode  reached  about  150mAhg_1.  After 
60  cycles,  the  electrode  still  maintained  a  specific  capacity  of 
138  mAh  g-1,  which  shows  an  improved  cyclability  than  that  of 
uncoated  and  undoped  LiFeP04  powders  reported  previously  [18]. 
There  is  no  carbon  coating  on  the  surface  of  the  LiFeP04  nanowires. 


Fig.  3.  Cyclic  voltammograms  of  LiFeP04  nanowires  as  cathode  in  lithium-ion  cell. 
The  scanning  rate  was  0.1  mV  s_1. 
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Fig.  4.  Galvanostatic  voltage  profiles  of  LiFeP04  nanowire  cathode  in  lithium-ion 
cells.  The  inset  shows  discharge  capacity  vs.  cycle  number. 

The  good  electrochemical  performance  of  LiFeP04  nanowires  as 
cathode  in  lithium-ion  cells  could  be  attributed  to  the  fact  that  the 
ID  nanowires  provide  a  short  path  for  lithium  diffusion. 

Fig.  5  shows  the  X-ray  diffraction  pattern  of  Co304-CNTs  com¬ 
posites.  All  diffraction  peaks  can  be  indexed  to  the  cubic  Co304 
phase  (JCPDS  no.  42-1467).  The  lattice  constant  (a)  was  calculated 
to  be  a  =  8.079  A.  The  XRD  pattern  of  Co304-CNTs  composites  con¬ 
firms  the  formation  of  crystalline  Co304  through  the  hydrothermal 
synthesis  process.  The  morphology  of  Co304-CNTs  was  observed  by 
TEM  analysis.  A  low  magnification  TEM  image  of  the  as-prepared 
Co304-CNTs  is  presented  in  Fig.  6(a).  In  general,  the  surfaces  of 
the  carbon  nanotubes  are  covered  by  Co304  nanocrystals.  The  indi¬ 
vidual  Co304  nanocrystals  have  a  size  in  the  range  of  20  nm.  The 
lattice  resolved  high  resolution  TEM  image  of  Co304  nanocrystals  is 
shown  in  Fig.  6(b),  which  further  confirmed  the  crystalline  nature 
of  those  Co304  nanocrystals.  The  weight  percentage  of  Co304  in 
the  Co304-CNTs  composite  was  determined  by  thermogravimet- 
ric  analysis.  The  composite  consisted  of  80wt%  Co304  and  20wt% 
carbon  nanotubes.  Both  Co304  and  carbon  nanotubes  have  lithium 
storage  capability.  The  reaction  between  Co3  04  and  lithium  ions  fol¬ 
lows  a  conversion  reaction  mechanism,  accompanied  by  substantial 
volume  change  [3,19].  On  the  other  hand,  lithium  ions  can  reversibly 
intercalate  and  de-intercalate  in  carbon  nanotubes  [20].  There- 


Fig.  5.  X-ray  diffraction  pattern  of  nanocrystalline  C03O4 -carbon  nanotube  com¬ 
posite. 


Fig.  6.  (a)  Low  magnification  TEM  image  of  nanocrystalline  C03O4 -carbon  nanotube 
composite,  showing  the  deposition  of  C03O4  nanocrystals  on  the  carbon  nanotube 
matrix,  (b)  High  resolution  TEM  image  of  C03O4-CNTS,  from  which  the  lattice  of 
C03O4  can  be  resolved.  The  inset  is  the  selected  electron  diffraction  pattern  corre¬ 
sponding  to  the  region  marked  with  the  white  circle. 


fore,  by  combining  Co304  and  CNTs  with  their  one-dimensional 
nanostructure,  it  is  possible  to  achieve  good  electrochemical  per¬ 
formance  for  Co304-CNTs  composite  with  the  configuration  of 
nanosize  Co304  crystals  deposited  on  a  carbon  nanotube  matrix. 
The  electrochemical  properties  of  Co304-CNTs  composite  anodes 
were  tested  by  galvanostatic  charge/discharge  cycling.  Fig.  7  shows 
the  charge/discharge  voltage  profiles  of  Co304-CNTs  as  anode  in 
the  first  and  the  second  cycle.  The  Co304-CNTs  nanocompos¬ 
ite  exhibited  an  initial  lithium  storage  capacity  of  1252  mAh  g-1 
and  an  irreversible  capacity  of  412  mAhg-1  in  the  first  cycle.  This 
irreversible  capacity  may  originate  from  the  formation  of  the 
surface-electrolyte-interface  layer  and  the  insertion  of  lithium  ions 
into  the  cavities  of  CNTs.  The  discharge  capacity  (lithium  storage) 
of  Co304-CNTs  was  gradually  stabilized  from  the  second  cycle. 
The  cycling  performance  of  Co304-CNTs  is  further  shown  in  Fig.  8, 
in  which  stable  cycling  performance  has  been  demonstrated  for 
Co304-CNTs  anode.  After  50  cycles,  the  Co304-CNTs  anode  still 
delivers  a  specific  capacity  of  510  mAh  g-1 .  This  could  be  attributed 
to  the  buffer  effect  provided  by  the  carbon  nanotube  matrix,  which 
cushions  the  volume  change  during  the  lithiation  and  de-lithiation 
process.  The  Co304-CNTs  anodes  exhibit  a  significantly  improved 
electrochemical  performance,  compared  to  Co304  anodes  [21  ]  and 
CNTs  anodes  [22]. 
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Fig.  7.  The  charge/discharge  voltage  profiles  of  nanocrystalline  Co304-carbon  nan¬ 
otube  composites  as  anode  in  lithium-ion  cell. 


Fig.  8.  Discharge  capacity  vs.  cycle  number  for  nanocrystalline  C03O4 -carbon  nan¬ 
otube  composite  as  anode  in  lithium-ion  cell. 


4.  Conclusions 

We  have  successfully  prepared  lithium  iron  phosphate 
nanowires  and  nanocrystalline  C03O4 -carbon  nanotubes  compos¬ 


ites  via  a  hydrothermal  synthesis  process.  The  cathode  composed 
of  LiFeP04  nanowires  without  carbon  coating  exhibited  a  specific 
capacity  of  140  mAh  g-1 .  When  used  as  anode  materials  in  lithium- 
ion  cells,  nanosize  Co304-carbon  nanotube  composite  anode  can 
maintain  a  reversible  lithium  storage  capacity  of  510  mAhg-1  over 
50  cycles.  Controllable  synthesis  of  one-dimensional  nanostruc¬ 
tures  could  be  further  explored  to  improve  the  performance  of 
lithium-ion  batteries. 
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